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Abstract

This article presents the designs and analyses of a co-planar ultra-wideband monopole antenna using graphene as a conductive
patch. A graphene-based film (GBF) is used as the radiating conductive layer of the antenna, and a Polydimethylsiloxane (PDMS)
is used as a substrate. Since both layers are flexible, they are very suitable for use in wearable technologies. In this study, two
basic antenna structures are studied. The design-1 antenna covers 3-11 GHz bandwidth. The simulated antenna efficiency is
obtained as 72% at 10 GHz. The antenna size is 30 mmx=23.2 mm. The second designed antenna (design-2), stands out with its
optimizations, is designed in a smaller size, high gain and wide band features. The size of the second antenna has been reduced to
28 mmx21 mm. Although the conductive graphene layer of the antenna was replaced with a higher conductivity, the substrate
material remained the same. In the second antenna design, 3.3-30 GHz ultra-bandwidth and 83% efficiency at 25 GHz have been
achieved. In addition, new antenna designs with different conductor and substrate properties on the second antenna design are
proposed in this study. The effect of antenna bending was also examined and comparative analyses of the obtained results were
made in terms of properties such as efficiency, gain, and radiation pattern. In addition to the use of flexible materials in both the
substrate and the conductive layer of the designed antennas, their smaller dimensions, broadband structures and high efficiencies
allow these antennas to be used as good candidates in wearable technologies.
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1. Introduction

The developments in antenna technology in recent years have led to changes in the dimensions, structures,
materials and usability of antennas. The increase in the variety of wireless applications in many fields such as
security, military, sports, entertainment and space sectors, especially the health sector, increases the demand for
these changes. Antennas constitute the most important part of the systems in many applications such as
examining the health status of people with body sensors, obtaining situational information of a dangerous fire
event from a firefighter, instant communication with a soldier in the field, or taking snapshot information from
the vehicle sent to space. Changes in applications began to lead to diversity and changes in the structures of
antennas. Antennas have also started to be produced in portable and small sizes in order to be integrated into
devices whose sizes and weights have been reduced in order to adapt to mobile technologies. Besides its
dimensional changes, it is also possible to place the antennas on different types of materials and even on non-
planar surfaces. Thus, wearable antennas have started to take an important place in our lives by attracting great
attention in recent years due to their attractive features, light weight, flexibility, low cost and portability, and
possibilities to enable detection [1], [2], [3].
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Wearable antennas, in practice, refer to antennas designed to be functional not only on clothing but also on
wearable devices. These antennas are optimized to perform close to the human body and the structure can be
flexible or rigid; they are devices used in many areas from commercial, entertainment, sports, security and health
applications. It is offered in various configurations in critical or non-critical situations, as it should work in
unsuitable environments and should not restrict the wearer's movements. For example, they have shrunk in size
and weighed less to equip mobile technologies; if it is kept close to the human body, the building material has
been made flexible and it has become possible to place them on non-planar surfaces [1].

In recent years, textile-based materials have been used to give flexibility to antennas [4]. However, it has been
investigated that although these materials provide better flexibility for antennas, they do not work properly in
humid and high temperature environments. Therefore, different substrate materials are divided into two classes
according to their flexibility or non-flexibility for antenna designs. The first is more rigid structures that are
inflexible, such as Duroid, FR4, Rogers; the other is structures consisting of textile-based materials such as fabric,
polyester, felt and flexible materials such as paper, PDMS, plastic. The flexible substrate exhibits high efficiency,
sufficient gain and stable radiation pat-tern without affecting the bandwidth in case of bending. Polyimide-based
films such as paper, PDMS, liquid crystal polymers, polyethylene terephthalate and Kapton are light and flexible
substrates with smooth surfaces that can withstand up to high temperatures [5]. Recently, PDMS has been used
as a durable and flexible substrate in terms of its mechanical and electrical properties [6] [7] [8].

In the proposed antenna design, PDMS, a silicon-based elastomer, is proposed as a substrate suitable for
wearable applications. On the other hand, in wearable applications, the conductive layer used to make the
antenna flexible should also be selected from suitable materials. Electro-textile conductive materials are used in
flexible antennas. Examples include inflexible materials such as copper, silver, gold, and nickel, as well as flexible
materials such as copper fiber, carbon-based or composite graphene, and carbon nanotubes.

Graphene, which is among the flexible and carbon-based materials, offers a promising future for wearable
technology with its unique properties and environmentally friendly nature. Graphene is a two-dimensional
carbon crystal with very good electrical conductivity allowing high frequency signals [2]. It has been researched
that graphene has very surprising and extraordinary properties with its high intrinsic strength and high electrical
transport properties [9]. In addition to these, other properties of graphene can be explained as follows [10]: It is
transparent, absorbing only 2.7% of the light. Its thermal conductivity is higher than that of known metals. It is
flexible, can stretch up to 25% of its own height. It has high mechanical strength, 200 times stronger than steel. It
has high electrical conductivity, 103 times more conductive than Si. With its unique band structure, new high-
speed devices such as efficient transistors and frequency multipliers are obtained and used in nanoelectronics
[11]. These properties of graphene, which can be used in the conductive layer of the antenna, should be expected
to directly affect the antenna performance. Graphene may be prepared at certain production stages which is used
as a composite with other materials. Thus, changes in some properties such as conductivity and flexibility may
occur depending on the production method. With these inspiring properties, the graphene film as a conductive
layer is used in the proposed antenna de-sign.

This article presents a very small size wearable antenna with ultra-wide band. Unlike the wearable antennas in
the literature, this antenna stands out with some of its features. First of all, graphene, one of the most popular
materials of recent years, was used in the conductive layer. The prominent mechanical, electrical and structural
properties of graphene have been the main starting point. Secondly, the flexibility of the PDMS used in the base
material contributed to the formation of a fully flexible antenna. Third, due to its flexibility, a design that is highly
sensitive to bending has been created. Fourth, with its very small size, it can easily adapt to all surfaces, especially
the human body. Finally, with its ultra-wide operating frequency, it is suitable for use in many applications. As a
result of the designs made, in this article, a unique antenna design designed with graphene conductor, which can
be used in wearable applications thanks to its very broadband, compact and flexible structure, is designed. In
wearable antenna applications, some studies have been carried out to increase the bandwidth, gain and usage
diversity of the antenna used. First of all, the applications where the antenna will be used were determined and
suitable geometric structures with small dimensions were created. Then, different materials in the antenna layers
were selected and compared. Finally, the performance of the antenna under certain degrees of bending was
investigated.



2. Antenna Design
Design strategies and steps are explained in the following sub sections.
2.1. Design-1

The first proposed broadband patch antenna has a size of 30 mmx23.2 mm. The conductive layer of the
antenna is chosen as a GBF and has a thickness of 0.25 mm [12]. The GBF used in this design is assumed to be
produced based on the graphene production methods as described in details [2]. After a series of production
method, the produced graphene film has become very useful and suitable for microwave antenna designs as it
exhibits a very high conductivity of 3.3x10* S/m, resulting in a very low sheet resistance of about 0.3 ()/square [2].
A 2 mm thick PDMS with a dielectric constant of 2.65 and a loss tangent of 0.02 is chosen for the substrate of the
antenna [8§].

The proposed initial antenna geometry is designed to have broadband antenna behavior at the desired center
frequency and bandwidth. A geometry of the design-1 antenna is shown in Figure 1 and its optimized
dimensions are shown in Table 1.

As can be seen from the Figure 1, the antenna has a co-planar geometry. The gap width (ws) and the width of
the transmission line (w3) are optimized to achieve 50 Q characteristic impedance.
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Fig. 1. Proposed design-1 antenna configuration.

Table 1. Dimensions of proposed design-1 antenna.

Parameter Size (mm) Parameter  Size (mm)
h1 30 Wa 10
h2 15 W3 2
hs 12.4 Wi 2.4
ha 2 Ws 0.4
Wi 23.2 We 22

2.2. Design-2

In the second antenna design, which was obtained as a result of optimizing the first design, the antenna size was
reduced to 28 mmx21 mm. As in the first design, GBF is used in the conductive layer of the antenna. The
graphene used in this new design has a thick-ness of 0.15 mm and a conductivity of 1.94x10° S/m [13].



A 2 mm thick PDMS material with a dielectric constant of 2.65 and a loss tangent of 0.02 is chosen for the bottom

layer of the antenna [8]. Thanks to the new geometric structure of the antenna shown in Figure-2, the properties
of the antenna have been further optimized.
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Fig. 2. Proposed design-2 antenna configuration.

The optimized antennas parameters are given in Table 2.

Table 2. Dimensions of design-2 antenna.

Parameter Size (mm) Parameter  Size (mm)

h1 28 W2 9
hz 12.3 W3 2.3
h3 13.8 Wy 22
h4 2 W5 0.8
W1 21 We 2.55

3. Simulation Results of Design-1 and Design-2

The simulation results of the first and second antenna designs are obtained and dis-cussed in this section. The
full-wave analyses of the proposed antennas were performed using ANSYS HEFSS (version 19.2) based on the
finite element method (FEM) to find optimized parameters of the antenna structures in each design step.

3.1. Simulation Results of Design-1

The simulation results are obtained for the design-1 antenna with its dimensions shown in Table 1. Figures 3
shows the real part of the obtained antenna impedance and the unit of impedance is ohm.
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Fig. 3. Real part of the antenna impedance for design-1.



The return loss graph of the designed antenna is given in Figure 3. As can be seen in the figure, the designed
antenna has the feature of a broadband antenna operating in the frequency range of 3-11 GHz. The m: and m2 in
the Su parameter plot represent the selected points on the figure. These points were chosen because they are the
limit points of at least -10 dB. The X and Y points represent the axis values corresponding to these points. The
unit of the X point is GHz and the unit of the Y point is dB. This information is valid for all S parameter plots
(Figure 4,8, 11, 12) in this article.
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Fig. 4. Simulated return loss (Su1 parameter) of the proposed antenna for design-1.

The total gain graphs of the design-1 antenna is analysed at different frequencies and shown in Figure 5. The
ml and m2 in the gain plot represent the selected points on the figure. These points were chosen because they
represent the maximum gain values. The mag value on the graph represents the axis values (gain) corresponding
to these points and its unit is dB. This information is valid for all gain plots (Figure 5,9,15,19) in this article. The
total gain value is 1.12 dB at 3 GHz, 2.59 dB at the center frequency of 7 GHz and 3.51 dB at 10 GHz.
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Fig. 5. Simulated total gain on radiation pattern of the proposed design-1 antenna: (a) at 10 GHz (¢=90° and 0°,
0=-164°) (b) at 3 GHz (¢=90° and 0°, 6=180°) (c) at 7 GHz (¢=90° and 0°, 0=154°).



Figure 6 shows the maximum directivity in the frequency range in which the de-sign-1 antenna radiates. It has
been observed that the antenna efficiency has its highest value of 72% at 10 GHz.
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Fig. 6. Simulated maximum directivity for different frequency of the design-1 antenna.
3.2. Simulation Results of Design-2

Simulation results are obtained for the design-2 antenna, the dimensions of which are shown in Table 2. Figure
7 shows the obtained real part of the antenna impedance and the unit of impedance is ohm.
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Fig. 7. Real part of the antenna impedance for design-2.

The return loss graph of the antenna in design-2 is given in Figure 8. As seen in the figure, the antenna features
a super wideband antenna operating at 3.3-30 GHz frequency range.
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Fig. 8. Simulated return loss (S parameter) of the proposed antenna for design-2.

The total gain graphs of the design-2 antenna is analyzed at different frequencies and given in Figure 9. The
total gain value is 4.41 dB at 10 GHz, 4.21 dB at center frequency of 20 GHz, 5.4 dB at 30 GHz and 5.7 dB at 25
GHz.
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Fig. 9. Simulated total gain on radiation pattern of the proposed design-2 antenna: (a) at 10 GHz (¢=-90° and 90°, 6=
170° and 170°) (b) at 20 GHz (¢=-146° and 34°, 6=-118° and 118°) (c) at 30 GHz (¢=-56° and 124°, 6=-104° and 104°) (c) at
30 GHz (¢=-56° and 124°, 0=-104° and 104°) (d) at 25 GHz (=-132° and 48°, 0=-110° and 110°).

It is concluded that the maximum antenna efficiency is approximately 83% at 25 GHz operating frequency for
design-2 as shown in Figure 10.
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Fig. 10. Simulated polar plot of design-2 antenna (a) maximum gain (b) antenna directivity at 25 GHz.

A comparison of graphene-based antennas with similar characteristics in the literature and the designs
proposed in this study is given in Table 3.

Table 3. Graphene-based antenna designs in the literature.

Antenna  Frequency Substrate Conductive  Conductivity ~ Radiation

Ref. Size (mm) (GHz) Material Material (S/m) Efficiency (%0)

Cotton fabric and . 0
[4] 47x50 2-8 micro-glass fiber Multi-layer GBF _ 60%

[2] 21.5%29 3.1-10.6 Adhesive tape GBF 3.3x10* 80%
[14] 14x22 2.65-10 Rogers TMM4 GBF 1.94x10° 65%
[15] 24x30 5-13.5 A4 paper GBF 4.1x10* _
[16] 40%40  3.1-106 M'Cro"‘]ﬁz‘éfnC'PF"‘ Graphite paper 2106 92,3%
[17] 32x48 4.22-10.36  Flexible material GBF 1.1x108 _
[18] 1.57x17.15 8-12 Rogers 5880 GBF _ 94%
De[sl'g?'l 30x232 311 PDMS GBF 3.3x10* 72%
Design-2 28x21 3.3-30 PDMS GBF 1.94%10° 83%

In order to improve the gain of the antennas in the two designs proposed so far, as well as to obtain a more
flexible structure and increase the bandwidth, analyzes were carried out by changing the conductor and substrate
materials of the second designed antenna in the following section.

4. New Antenna Designs and Their Performance Comparisons

In this section, the conductor and sub-base materials of the optimized antenna structure (design-2) have been
changed to improve antenna performance and the antenna performance of new designs is investigated with the
selection of materials suitable for antenna structure. For this purpose, the conductor and substrate materials are
changed in four different combinations and obtained results for the new designs are discussed in the following
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section.

For design-3 and design-4, antenna geometry and substrate properties remained the same. In design-3, the
analyzes are repeated using copper instead of graphene conductor; in design-4, the graphene conductor material
is used again and the graphene conductivity is changed from 1.94x10° S/m [13] to 3.3x10* S/m [2].

In the second part of the analyzes conducted in this section, all other features remained the same and only the
substrate material of the antenna changed. Two different substrate materials are considered here. The first
substrate material used is Kapton Polyimide (relative permeability=3.5 F/m) [5] in design-5. The second substrate
material chosen is felt (relative permeability=1.38 F/m) [19] which is a textile product, in design-6.

4.1. Simulation Results for New Antenna Designs

In the first step, the parameters of design-3 and design-4 antennas, which were created by using different
conductive materials, were optimized and their performances were investigated: As can be seen from the return
loss graphs in Figure 11 and Figure 12, there is not much change in bandwidth and resonance frequency. The unit
of the Y1 axis shown in the Si parameter graphs is dB. From the radiation pattern graphs in Figure 15(a) and
Figure 15(b), it can be concluded that the antenna gain increases as the conductivity of the material used in the
conductive layer of the antenna increases. On the other hand, there is no significant change in the radiation
pattern.

In the case of using substrate materials with different properties, the obtained results can be discussed as
follows: As can be seen from the return loss graphs in Figure 13 and Figure 14, there have been significant
changes in bandwidth and resonance frequencies. The unit of the Y1 axis shown in the graph is dB. In the
radiation pattern graphs in Figure 15(c) and Figure 15(d), it has been observed that there is a change in the
antenna gain depending on the substrate material change and there are also changes in the radiation patterns.
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There are basically two different antenna designs (design-1 and design-2) in the article. Other designs
(design-3, design-4, design-5) have been diversified with some changes (substrate and base material changes)
made in design-2 antenna. The performances of antenna design with a different structure, together with the
performance of the second original antenna, are given in Table 4.

Table 4. Comparison of the designed antennas.

Relative Antenna

Design ~ Substrate  permeability Conductor Conductivity Bandwidth pptenpnq ~ Radiation

Name  Material Material s/ GH Gain (dB)  Efficiency

(i) (Sim)  (GH2)

(%)
Design-2 PDMS 2.65 Graphene 1.94x10° 26.7 5.7 83%
Design-3 PDMS 2.65 Copper 5.80x107 25.6 6.4 84%
Design-4 PDMS 2.65 Graphene 3.3x104 26.75 4.9 62%
— Kapton 5 7 89%
Design-5 Polyimide 35 Graphene 1.94x10 5.9 0

According to the analysis results given, it has been seen that the use of materials with smaller loss tangent and
relative permeability at the bottom of the antenna increases the antenna gain and efficiency. In addition, the use
of graphene material with a high conductivity value or the use of copper instead of graphene results in an
increase on both the gain and the efficiency. In design-3 and design-5, which have higher radiation efficiency,
there were narrowing in the bandwidth. The efficiency of design-3, in which copper is used as a conductive
material, is the highest among them. However, this design is not recommended for wearable applications since
copper does not have flexibility. The efficiency of design-5, in which Kapton Polyimide is used as the substrate
material, is higher than the proposed design-2 antenna. However, since PDMS has great advantages in terms of
flexibility, the preferable antenna structure proposed in this article has been determined as design-2.

5. The Bending Performance of the Proposed Antenna

Bending analysis is very important in terms of antenna performance in wearable applications. Therefore, in
this section, antenna performance is analyzed in case of bending at certain degrees based on design-2. Figure 16
illustrates the designed antenna bending 30° around the y-axis.

Fig. 16. Image of 30° antenna bends for design-2.

The relationship between the bending radius of the antenna and the arc length is shown in the following
equation (1) [20]:

S=0.r (D

S is the bent arc length of the antenna and its unit is meter. 0 is measure of the central angle in radians. r is
the radius of the cylindrical surface considered as a cylindrical base model for the antenna and its unit is meter.
The formula in (1) has been applied to analyze the bending state of the design-2 antenna. For all theta values,
the dimension of the S value perpendicular to the bending axis of the antenna (21 mm) is taken.

1"



In this case, the r radius corresponding to the 20° 30° and 50° angles that see the same arc S are calculated
according to the equation 1. Different simulations are made by adjusting the radius of the cylinder, which is
61.76 mm for 20, 41.17 mm for 30° and 24.70 mm for 50°.  The graph in Figure 17 shows the comparison of the
bending antenna at different angles. The unit of the Y1 axis shown in the graph is dB.

This can cause the digital machines to malfunction at high exposure and also impact people's health [5-6].
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Setupi - éwtaép]) Design-2_with 30 degree bending
bendingRadius="41.17mm"
— dB(S(1,1))
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Fig. 17. Su parameter graph at different bending angles of the antenna at 25 GHz for design-2.

The radiation pattern graph of the total gain of the antenna at 30° bends is given in Figure 18.

Gain Plot 1-30 degree bending HFSSDesignl  *
Name Phi Ang Mag
Curve Info
— dB(GainTotal)
Setup1 : LastAdaptive
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Setup1 - LastAdaptive
Freg=26GHZ' Theta="114deg"

m1 -132.0000 | -132.0000
m2 48,0000 | 480000

Fig. 18. Radiation pattern plot of total antenna gain at 30° antenna bends at 25 GHz for design-7.

As can be seen from the graphs in Figures 17 and 18, there is a slight upward shift in the resonant frequency
when the antenna 30° is bent. There is no change in antenna gain and bandwidth due to limited antenna
deformation between specified angles.

Antenna bending comparison results between the proposed antenna and the similar antennas in the literature
are given in Table 5.
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Table 5. Bending analysis of antennas in the literature.

Anten

na Operating Radiation Efficiency (%) or

. Substrate Antenna Antenna Performance in Bending
Ref.  Size FregE'ency Material Condition
(GH2) Gain (dBi/dB)
(mm)
Electromagneti There is no significant change in beam
[21] 335 245&5 c tape 3dB width or gain of the antenna.
2.4 GHz:3.5dB ;
2] 2020 248&52 Textle fabric The Operating frqu“etncy °If the antenna
5.2 GHz: 6.6 dB movead upwards at smailler radius.
(Bending radius=50 mm)
Bandwidth slightly decreased in the
37.5%2 2.5 GHz: -0.42 dBi trar!sverse bt_anding of j[he_ antenna;
[23] '3 25-46 Fabric maximum gain and radiation pattern
4.6 GHz: -3.1 dBi remained approximately the same.
Antenna gain slightly decreased in
longitudinal bending of the antenna and
radiation patterns changed slightly.
3.5 GHz:
(No rbaednigisrlgz); ?nsm ‘;Bé gBézgding When the antenna is bent, the bandwidth
o1 30x35 293103  Polyamide - and performance remained
[24] 59 GHz: approximately the same; max gain
slightly increased.
(No bending): 3.5 dB/ (Bending
radius=27 mm): 3.8 dB
Fabric
. The performance of the antenna is not
- . - 0,
[25] 30x40 3-16 (Agllent 2-4 dBi and 80% affected.
85070E)
Rogers .
o1 11x12 2640  ULTRALAM 35 GHz: 11.35 dBi Bandwidth and resonant frequency are
[26] preserved in folded/twisted structures.
3850 LCP
Microwave C- .
15 40%40 3.1-10.6 foam PE-4 92.3% The operating f_requgncy of the antenna
[15] ; shifts slightly.
0am
Proposed While there is no change in antenna gain,
its efficiency decreased. The return loss
Design 2821 3.3-30 PDMS 5.7dB graph has shifted from -10 dB to 1-2 dB

above.

6. Conclusions

In this article, two separate antenna designs based on high efficiency graphene are examined. The proposed
antennas (design-2) have a relatively small co-planar structure and consist of flexible layers that enable the
system to be used in wearable applications. This special geometric design-2 proposed is a customized and
optimized design according to the requirements of the study, considering the general geometries in the references
in Table 5. The design-1 antenna operates in the 3-11 GHz frequency band. The simulation results show that for
design-1, the antenna efficiency is 72% in the investigated bandwidth and the antenna gain is around 3.5 dB at 10
GHz. The design-2 antenna, which is also taken as a basis in the analysis, operates in the frequency band of 3.3-30
GHz and an impedance bandwidth of approximately 27 GHz. The simulation results show that the efficiency of
the second antenna is 83% and the antenna gain is around 5.7 dB at 25 GHz. According to the bending analysis of
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the design-2 antenna, it has been observed that the antenna can operate up to about 50° without major changes in
performance.

Thanks to its small and flexible structure and wide bandwidth, the design-2 antenna, whose features have
been improved with optimizations, has a wide application area that requires wearable and operates at different
frequencies such as health, military, security, K band applications, Wi-Fi and 5G communication systems. Future
works can be considered as follows: designing antennas by using other graphene materials with different
properties, making improvements in antenna performance (increasing bandwidth and antenna gain and
efficiency), reducing the size of the antenna, adapting the array antenna structure with increased gain, and SAR
analysis of the antenna placed in certain parts of the body.

Acknowledgements
This study was supported within the scope of ASELSAN company's Academy program.

References

[1] K. N. Paracha, S. K. Abdul Rahim, P. ]. Soh and M. Khalily, Wearable antennas: a review of materials,
structures, and innovative features for autonomous communication and sensing, IEEE Access, 7, 56694-56712
(2019).

[2] S.]. Chen, Flexible, wearable and reconfigurable antennas based on novel conductive materials: graphene,
polymers and textiles, Australia: School of Electrical & Electronic Engineering, The University of Adelaide,
(2017).

[3] D. K. Das, Study of dual band wearable antennas using commonly worn fabric materials, Bangladesh:
Oklahoma State University, (2017).

[4] I I Labiano, S. F. Jilani, M. S. Ergoktas, C. Kocabas, E. Ozden-Yenigun and A. Alomainy, Graphene-based
textile ultra wideband antennas for integrated and wearable applications, 2019 IEEE International
Symposium on Antennas and Propagation and USNC-URSI Radio Science Meeting, Atlanta, GA, USA, 1089-
1090 (2019).

[5] I 1. Labiano and A. Alomainy, Flexible inkjet-printed graphene antenna on kapton, Flexible and Printed
Electronics, (2021).

[6] H. A. Rahman, SK.A Rahim, Dual band PDMS based flexible antenna for wearable application, in 2015 IEEE
MTT-S 2015 International Microwave Workshop Series on RF and Wireless Technologies for Biomedical and
Healthcare Applications (IMWS-BIO), (2015).

[7] P. K. Sharma, N. Gupta and P. I Dankov, Wideband transmission line characterization of
polydimethylsiloxane (PDMS) as a wearable antenna substrate, in 2020 IEEE International Conference on
Electronics, Computing and Communication Technologies (CONECCT), (2020).

[8] R. Fang, R. Song and D. He, Graphene film based CPW-fed antenna for wearable Application, in International
Symposium on Antennas and Propagation (ISAP), (2019).

[9] S. K. Ur Rehman, Z. Ibrahim, S. A. Memon, M. F. Javed, R. A. Khushnood, A sustainable graphene based
cement composite, in MDPI Sustainability, (2017).

[10] S. Burmaoglu, V. Trajkovik, T. L. Tutukalo, H. Yalcin, B. Caulfield, Evolution Map of Wearable Technology
Patents for Healthcare Field, 275-290 (2018).

[11] J. Perruisseau-Carrier, Graphene for antenna applications: opportunities and challenges from microwaves to
THz, 2012 Loughborough Antennas & Propagation Conference (LAPC), 1-4 (2012).

[12] L Yiiksek, M. Kartal, Flexible, compact and efficient graphene-based broadband antenna for wearable
applications, in Interdisciplinary Conference on Mechanics, Computers and Electrics, Turkey, (2021).

[13] S. M. Asif, A. Iftikhar, B. D. Braaten and M. S. Khan, Design of an ultra-wideband antenna using flexible
graphene-based conductor sheets, in IEEE International Symposium on Antennas and Propagation (APSURSI),
2016).

[14]( S. 1\3[ Asif, A. Iftikhar and B. D. Braaten, M. S. Khan, Design of an ultra-wideband antenna using flexible
graphene-based conductor sheets, IEEE, 1863-1864 (2016).

[15] K.Pan, T.Leng, Y. Jiang, Y. Fang, X. Zhou, M. A. Abdalla, H. Ouslimani and Z. Hu, Graphene Printed UWB
Monopole Antenna for Wireless Communication Applications, IEEE, 1739-1740 (2019).

[16] S.]. Chen and C. Fumeaux, Highly efficient graphite antennas for conformal applications, in Australian
Microwave Symposium (AMS), Austria, (2018).

[17] R. Fang, R. Song, D. He, Graphene film based CPW-fed antenna for wearable application, 2019
International Symposium on Antennas and Propagation (ISAP), Xi'an, China, 1-3 (2019).

[18] A. A.Shehu, Z. Yunusa, M. N. Hamidon, Graphene based microstrip patch antenna for X band applications,
14



Journal of Innovative Science and Engineering, 57-65 (2019).

[19] S.G. Kirtania, A. W. Elger, Md. R. Hasan, A. Wisniewska, K. Sekhar, T. Karacolak and P. K. Sekhar, Flexible
Antennas: A Review, MDPI micromachines, (2020).

[20] S. Dey, N. Saha, S. Biswas, Design and performance analysis of UWB circular disc monopole textile antenna
and bending consequences, in 5th European Conference on Antennas and Propagation (EUCAP) (2011).

[21] S. Zhu and R. Langley, Dual-band wearable textile antenna on an EBG substrate, IEEE Transactions on
Antennas and Propagation, 926-935 (2009).

[22] S. Yan, P. ]. Soh, G. A. E. Vandenbosch, Compact all-textile dual-band antenna loaded with metamaterial-
inspired structure, IEEE Antennas and Wireless Propagation Letters, 1486-1489 (2015).

[23] H.-L. Kao, C.-H. Chuang, Bending effects on a fabric-based antenna for wearable applications, in IEEE 70th
Electronic Components and Technology Conference (ECTC), Taiwan, (2020).

[24] Ali 1. Hammoodi, J. K. Ali, Practical bending studying on UWB pentagonal flexible antenna, IEEE
International Symposium on Antennas and Propagation and North American Radio Science Meeting, (2020).

[25] Y.Sun, S. W. Cheung, T. L. Yuk, Design of a textile ultrawideband antenna with stable performance for body-
centric wireless communications, IET Microwaves, Antennas & Propagation, (2014).

[26] S. F. Jilani, M. O. Munoz, Q. H. Abbasi, A. Alomainy, Millimeter-wave liquid crystal polymer based
conformal antenna array for 5G applications, IEEE antennas and wireless propagation letters, 18, 84-83 (2019).

15





